Abstract Microhollow cathode discharge (MHCD) plasmas were generated in gas mixtures containing water vapor at pressures of up to 100 kPa of He or 20 kPa of air. The cathode diameter was 1.0 mm with a length of 2.0 mm. The electrical characteristics showed an abnormal glow mode. Spectroscopic measurements were carried out to examine the plasma and radicals. An analysis of the spectral profile of Hα at 656.3 nm enabled a derivation of the electron densities, namely 2×10 14 cm −3 (at 10 kPa) and 6×10 14 cm −3 (at 4 kPa) for the helium and air atmospheres, respectively, in the negative glow region. By comparing the observed OH radical spectra with those calculated by the simulation code LIFBASE, the gas temperature was deduced to be 900 K for 4 kPa of He at a discharge current of 50 mA.
Introduction
Atmospheric pressure glow discharge plasmas have applications to surface treatments [1] , optical sources [2] , and detoxification of gaseous pollutants [3] . For example, by using an air plasma, hydrogen atoms and hydroxyl radicals can be generated from the dissociation of water vapor. These reactive species play an important role in the remediation of indoor environments [3] , because the OH radicals have a sterilizing effect due to their strong oxidation [4] . According to Paschen's law, a stable plasma cannot be generated in atmospheric air without a high discharge voltage. The law describing the breakdown voltage V d as a function of the gas pressure P and gap distance d requires P d ≈10 Torr·cm for V d equal to hundreds of volts [5] . Thus d should be about 10 µm for an atmospheric discharge. Such plasmas can be generated by various methods, such as a DC or AC highvoltage discharge, a dielectric barrier discharge [6] , a surface micro discharge (SMD) [7] , or a microwave discharge [8] . To attain a stable discharge for a reasonable voltage at high pressures, microhollow cathode discharges (MHCDs) are ideal. In an MHCD, a nonequilibrium microplasma having a density above 10 14 cm
−3
can readily be achieved [9∼11] . To develop a plasma device that can deal with suspended pollutants in indoor environments, a MHCD device with a cathode opening diameter of 1 mm and a length of 2 mm was constructed. This length and borehole are relatively large compared with those of conventional MHCD cathodes. For example, SCHOEN-BACH et al. used a cathode having a hole diameter of only 200 µm and a length of 100 µm [9] . Moreover, our discharge current of up to 50 mA is higher than the values for other research, which are typically less than 20 mA [9∼13] . The large reaction volume and high discharge current efficiently decompose polluted objects in a nonequilibrium plasma cavity. In air discharges, many different reactions associated with various molecular processes occur simultaneously, so that it is difficult to distinguish the role of water. Therefore, in addition to measurements in an air atmosphere, experiments were conducted for inflowing He gas containing water vapor. In the present paper, the electrical characteristics of an MHCD with a long cathode length are reported. The plasma parameters, including the electron density and gas temperature quantified by VIS/UV emission spectroscopy, are described. The MHCD assembly is installed in a vacuum chamber and gas flows into it at a rate of 1.0 L/min. For the He discharge, water is introduced in the carrier gas by passage through a vapor vessel at a humidity of about 5%. The plasma operates at sustained discharge voltages of between 180 V and 400 V, currents of 2 mA to 50 mA, and gas pressures of 0.4 kPa to 100 kPa. Emissions from the MHCD plasmas generated in the cathode opening are collected by a high-resolution visible spectrometer having a 1 m focal length and a 2400 groove/mm grating (JovinYvon HR 1000). The detector is a CCD camera with 512×512 pixels of 24 µm size (Princeton Instrument Versa-Allay). The plasma image is magnified 5 times using a quartz lens with a focal length of 125 mm and is focused onto the entrance slit. Three emission spectra are observed: Hα (n = 2−3 at 656.3 nm), He I (2p 1 P−3d 1 D at 667.8 nm), and OH (A-X transition at 309 nm). For the OH band spectra, second-order light corresponding to the fundamental emission is measured to improve the resolution. Assuming a Gaussian instrumental width, a spectral resolution of 9 pm (full width at half maximum) is obtained in the Hα wavelength region, as estimated by measuring a HeNe laser line at 632.8 nm. The spectral sensitivity of the entire optical system is calibrated using standard lamps (tungsten ribbon and xenon discharge lamps). With a fully open entrance slit (2.5 mm), a two-dimensional (2D) spatial image of the Hα emission is obtained.
Experimental setup

Results and discussion
Discharge characteristics of MHCD plasmas
The discharge characteristics are examined to identify the discharge mode in the MHCD. Fig. 2 graphs the dependence of the sustained discharge voltage on the current. Compared with the helium discharge, the air atmosphere requires higher voltages, owing to the presence of reactive, charged oxygen atoms and molecules. With increasing current, the discharge voltage rises slightly for both He and air atmospheres. These trends indicate that the MHCD is operating in an abnormal glow mode [9, 12] . 
Two-dimensional spatial images
The 2D spatial images of the Hα spectra for He gas pressures ranging from 4 kPa to 100 kPa are shown in Fig. 3 at a discharge current of 50 mA and a voltage of 250 V. The slight distortion of the emission shape from circularity is due to the astigmatism of the spectrometer. Below 4 kPa, the emission is brightest at the center of the cathode, indicating that the ionization and excitation is due to a pendulum motion of the electrons around the virtual anode on the central axis (hollow cathode effect). Above 40 kPa, in contrast, the images have hollow structures. Nevertheless that the discharge is in the abnormal glow regime, the plasmas remain confined within the borehole, unlike the results of SISMANOGLUE et al [12] . Similar behavior is observed for air discharges, although the transition from a circular to a ring shape occurs at a lower pressure of 2 kPa. This phenomenon arises from the mean free path for the inelastic collisions. The electrons accelerated in the cathode lose energy through collisions with neutral atoms, resulting in a narrowing of the sheath region. A ring-shaped plasma is then generated at the edge of the cathode [9, 13, 14] . 
Determination of the electron density
For atmospheric pressure plasmas, the line is widened by various effects, including Doppler, resonance, van der Waals, and Stark broadenings, from which the plasma parameters can be derived [15] . Fig. 4 plots the spectral lineshape of Hα at a He gas pressure of 40 kPa and current of 50 mA. The line profile is much wider than the instrumental function. The electron density is derived from an analysis of such linewidths of Hα spectra [14] . Assuming that the electron temperature is 10,000 K, the electron density is evaluated from the Stark broadening. A deconvolution of the experimental spectra (given by a Voigt function) is performed to extract the Stark component. The temperature dependence of the Stark width below 50,000 K is negligible [16] . The full width at half maximum of the Hα spectrum is [14, 17] 
Fig . 5 plots the spatial distributions of the electron density for He (at 10 kPa) and for air (at 4 kPa) at a current of 50 mA. The densities corresponding to the measured Stark widths are 2×10 14 cm −3 for He and 6×10 14 cm −3 for air atmospheres at the cathode center, in good agreement with the experimental value of MICLEA et al. [18] and the result calculated by KOTH-NUR et al [19] . With increasing gas pressure, the electron density rises to 10 15 cm −3 . At the plasma edges, the density is overestimated due to the existence of a strong electric field (cathode fall) which drastically changes the lineshape. 3.4 Gas temperature derived from OH band spectra
Hydroxyl radicals and hydrogen atoms are generated by the dissociation of water. Fig. 6 shows the OH radical spectrum (A-X transition) at 50 mA and 4 kPa of He. The measurement was made at the central region of the cathode, giving the dependence of the emission intensity on the gas pressure. With increasing gas pressure, the OH intensity rises at low pressures and then saturates.
To determine the gas temperature, the line distribution obtained by the spectral simulation code LIF-BASE [20] is compared to the experimental results. It is assumed that the vibrational temperature is equal to the rotational one. The band spectrum calculated at 900 K is also shown in Fig. 6 . Good agreement between the experimental and simulated distributions is obtained, indicating that a high gas temperature is attainable at the cathode center. Since the OH radical emission becomes weak in air and an intense N 2 band spectra appear in the 300 nm wavelength region, the gas temperature cannot be evaluated in air discharges.
Conclusion
We constructed a MHCD device having a cathode diameter of 1.0 mm and a length of 2.0 mm for the efficient generation of H atoms and OH radicals. The discharge characteristics and plasma parameters were investigated for helium and air atmospheres containing water vapor.
With increasing current, the voltage slightly rises, indicating that the discharge operates in the abnormal mode. Two-dimensional imaging of the H emission shows that with increasing gas pressure, the emission shapes become hollow because the sheath width becomes thinner due to the high particle density. By analyzing the line shapes of the H spectrum, the electron density was determined. From the Stark broadening, the densities were found to be 2×10 14 cm −3 (for He at 10 kPa) and 6×10 14 cm −3 (for air at 4 kPa) at the cathode center. Finally, by comparing the experimental OH emission with the spectra calculated by the LIFBASE code, the gas temperature was found to be 900 K for low-pressure helium discharges.
